MalT, the specific activator of the maltose regulon, is the prototype of a family of high-molecular-mass ATP-binding bacterial transcription activators. On binding of its two positive effectors, the inducer maltotriose and ATP, MalT oligomerizes to an active state competent for promoter binding and transcription activation. In addition to its previously known DNA-binding domain, limited proteolysis showed that MalT contains three other domains, the boundaries of which were accurately delimited by N-terminal microsequencing. The N-terminal domain alone binds ATP. Maltotriose binding involves an extended region corresponding to domains 2 and 3, although weak binding to domain 3 alone was also observed. Moreover, maltotriose binding induces a conformational shift involving a movement of both domains 1 and 3 with respect to domain 2, leading to the active form of the protein. Sequence examination of the MalT homologues suggests that these three domains might constitute a signaling module.
A family of bacterial transactivators that display unusual features, the MalT (or LAL) family (1, 2) , was recently discovered. Its members differ from all other known activators by their high molecular mass (generally above 90 kDa). They all possess a putative ATP-binding site near their N terminus and share homology with LuxR near their C terminus. They activate operons involved in mainly catabolic functions in the related Gram-positive Streptomyces and Mycobacterium genera. However, some of them, including the best studied protein of the family, the MalT protein of Escherichia coli, are found in Gram-negative bacteria. MalT activates the maltose regulon to allow E. coli to use maltodextrins (starch degradation products) as a carbon and energy source (3, 4) .
MalT binds to its target promoters only in the presence of two positive effectors: ATP, which MalT hydrolyzes, and maltotriose, the inducer of the maltose system (5) . Maltotriose and ATP act by promoting the formation of a high-order MalT oligomer, a form that most likely favors its cooperative binding to the multiple sites in its target promoters, which in turn allows transcription activation (6) . The regulation of MalT activity also involves three negative effector proteins: MalK, the ATPase of the maltodextrin ABC (ATP-binding cassette) transporter (7); MalY, a protein homologous to ␤C-S lyases (8) ; and Aes, which is homologous to acylesterases (9) . MalK and MalY interact directly with MalT (10, 11) , and MalY acts by competing against maltotriose for binding to MalT and preventing the formation of the productive oligomer (11) . Hence, the formation of a high-order oligomer constitutes a checkpoint in MalT activity that is under the control of at least four positive or negative signals. This tight regulation is unprecedented among bacterial transactivators.
Little was known about the tertiary structure of the members of the MalT family. Their characteristic high molecular mass suggests that they are multidomain proteins, but only the Cterminal region of MalT that is homologous to LuxR has been isolated (12) . This domain, which binds to MalT-binding sites and activates transcription (13) , comprises only 95 amino acids, i.e., 10% of the protein. In view of the many signals and interactions involved in the regulation of MalT activity, the identification of the domains comprising MalT constitutes an important step toward understanding the action of each signal, as well as the way different signals are integrated within a unique protein.
In this work, I have determined the domain structure of MalT, purified the isolated domains, and studied their activities with respect to the binding of the positive effectors as well as the conformational changes caused by their binding. The implications of these findings for the MalT family are discussed. in 13 l of a buffer containing 50 mM Tris⅐HCl (pH 7.7), 10% sucrose, 0.3 M KCl, 1 mM Mg acetate, 0.1 mM EDTA, and, when required, 1.2 mM maltotriose, 0.12 mM ATP or 0.58 mM ADP or 0.58 mM 5Ј-adenylylimidodiphosphate, were preincubated at 20°C for 20 min. Two microliters of proteinase K, trypsin, or subtilisin in the same buffer without maltotriose or adenine nucleotide was added, and the samples were incubated at 25°C for 15 or 30 min. Reactions were arrested by trichloroacetic acid precipitation (5 l of 60% trichloroacetic acid). Samples were analyzed by SDS/PAGE and staining with Coomassie blue. Samples used for N-terminal microsequencing were prepared in the same way, but scaled up to produce sufficient amounts of the fragments. Microsequencing was carried out by the ''Service de Microséquençage'' at the Institut Pasteur.
Purification of the MalT Fragments. DT1H: LB medium (500 ml) (20) containing 25 g͞ml kanamycin sulfate was inoculated with BL21(DE3) (pOM160) at OD 0.1, grown to OD 2 at 37°C, and incubated at 24°C for 15 min. Isopropyl ␤-D-thiogalactoside (1 mM) was then added, and growth was continued at 24°C for 4 h. Cells were collected, washed, and resuspended in buffer A [sodium phosphate (pH 7.0)͞0.5 M KCl͞10% sucrose]. MgCl 2 (1 mM), 0.1 mM ATP, and 1 mM 4-(2-aminoethyl)benzenesulfonylfluoride (Interchim, Montluçon, France) were added. The cells were disrupted in a French press and centrifuged (30 min at 180,000 ϫ g), and the protein was purified on a 5-ml nickel-nitrilotriacetic acid (Ni-NTA) column (Qiagen, Chatsworth, CA).
HDT2: A 1-liter culture of pop2319(pOM156) in LB medium ϩ 100 g͞ml ticarcillin (SmithKline Beecham) was grown at 37°C, induced at OD 0.5 with 0.5 g͞liter arabinose, harvested after 5 h, washed and resuspended in buffer B [50 mM Tris⅐HCl (pH 7.7)͞10% sucrose͞0.5 M KCl], disrupted in a French press after the addition of 1 mM 4-(2-aminoethyl)benzenesulfonylfluoride, and centrifuged (60 min at 30,000 ϫ g). The protein was purified on a HiTrap chelating affinity column (Amersham Pharmacia) loaded with NiCl 2 .
DT3: pop2319(pOM152) inoculated at OD 0.15 in 100 ml 2YT medium (20) (100 g͞ml ticarcillin) was grown at 30°C to OD 0.5 and induced with 0.5 g͞liter arabinose. Cells were further grown for 15 h, harvested, washed and resuspended in buffer B, disrupted with a French press, and centrifuged (60 min, 25,000 ϫ g). The protein was purified on a 1-ml Ni-NTA column.
HDT2-3: BL21(DE3)(pLysS, pOM162) was inoculated in 1 liter of LB medium (25 g/ml kanamycin sulfate͞10 g/ml chloramphenicol) at OD 0.1. Cells were grown to OD 1 at 37°C, induced with 1 mM isopropyl ␤-D-thiogalactoside, transferred at 18°C 1 h 15 min later, and grown for 4 h at 18°C. They were then harvested, washed, and resuspended in buffer B. After the addition of 10 mM 2-mercaptoethanol and 1 mM 4-(2-aminoethyl)benzenesulfonylfluoride, they were disrupted in a French press and centrifuged (30 min, 180,000 ϫ g). The protein was purified on a 5-ml Ni-NTA agarose column followed by chromatography on a POROS HQ͞M (Roche Molecular Biochemicals) column.
In all of the metal-chelate chromatography steps, the eluent was imidazole (either a 400 mM step or a 0-400 mM gradient, except for DT3, which was eluted with 20 mM imidazole).
Affinity Chromatography of ATP. A soluble extract of BL21(DE3)(pOM160) prepared as described above from 20 ml of culture was loaded on a 100 l Ni-NTA column equilibrated in buffer A ϩ 1 mM MgCl 2 and washed with 1 ml buffer B ϩ 1 mM MgCl 2 ϩ 80 mM imidazole and 7 ml buffer C [50 mM Tris⅐HCl (pH 7.7)͞10% sucrose͞0.2 M KCl͞1 mM MgCl 2 ].
[␥-32 P]ATP (100 l at 2 mM in buffer C, Ϸ1 Ci) was added, and the column was spun, allowed to stand for 10 min at room temperature, and rapidly washed with 1 ml buffer C. After this step, 2 ϫ 100 l buffer C and then 5 ϫ 100 l of the same buffer containing 400 mM imidazole were passed stepwise through the column by adding the solution, spinning the column, and then letting it stand for 5 min each time. EDTA (25 mM) was added immediately to each fraction. The radioactivity in all fractions and in the starting ATP solution was counted in a Beckman scintillation counter after the addition of 5 ml Ready gel (Beckman). The protein concentration of the fractions was estimated by a Bradford assay performed on 2 l of each fraction, with BSA as a standard. ATPase activity was measured for 1 l of each fraction by TLC on polyethyleneimine-cellulose (Schleicher & Schuell), with a solvent containing 1 M formic acid and 0.5 M LiCl, and by counting the radioactivity in the spots in a PhosphorImager. For the control experiment, a soluble extract prepared from 25 ml of pop2319(pOM152) grown as described above was loaded on a column identical to that used for DT1H but equilibrated in buffer B ϩ 1 mM MgCl 2 and washed with 5 ml of buffer C. The DT3 column was then treated exactly like the DT1H column. C]maltotriose (American Radiolabeled Chemicals, St. Louis), and various concentrations of unlabeled maltotriose were incubated at 22°C for 20 min and then chilled on ice for 2 min. Ammonium sulfate (180 l at 3.5 M, pH 8.0) was added, and the samples were centrifuged for 30 min, washed with 200 l 3.5 M ammonium sulfate (pH 8.0), and centrifuged for 5 min. The pellet was redissolved in 500 l H 2 O, the undissolved residue was dissolved in 500 l 1% SDS, and both samples were counted as indicated before. The sum of these two measurements corrected for the background (amount of radioactivity present in the tubes with BSA) was used to calculate the amount of bound maltotriose. Part of the initial mix was also counted to calculate the amount of radioactivity initially present in the samples.
Results

Limited Proteolysis in the Presence of Different Combinations of
Ligands. To investigate its domain structure, MalT-ATP was first proteolyzed with increasing concentrations of proteinase K in the presence and absence of the inducer maltotriose. In the presence of maltotriose, a 66-kDa proteolysis-resistant fragment appeared (Fig. 1) . A 30-kDa band, which might contain the complement of this fragment, was present at low proteinase K concentrations and in the trypsin digest (see below and Fig. 1 , lanes 8 and 13) but was degraded at higher protease concentrations. In the absence of maltotriose, two proteolysis-resistant fragments appeared, with estimated molecular masses of 50 kDa and 48 kDa (Fig. 1) . Similar results were obtained with two other proteases, trypsin and subtilisin (Fig. 1, lane 13, and not shown) . The results obtained with trypsin and subtilisin support the conclusion that the cleaved regions are well exposed to the solvent and that the resistant fragments correspond to folded regions of the protein. Proteolysis of the 48-kDa fragment sometimes went further (see below) to produce a 45-kDa fragment, probably because of the use of different MalT protein preparations (see Fig. 2B, lanes 2 and 4) . ATP, ADP, and the nonhydrolyzable ATP analog 5Ј-adenylylimidodiphosphate exert differential effects on the activation (5) and oligomerization (6) properties of MalT. To study the effect of these nucleotides on the proteolysis pattern, MalT was digested by proteinase K in the presence of all combinations of the ligands maltotriose and ATP, ADP, or 5Ј-adenylylimidodiphosphate under the same conditions, except that the proteinase K concentration was halved for the samples without maltotriose. As shown in Fig. 2 A, the nature or even the presence of the adenine nucleotide had very little influence on the proteolysis pattern. Only ADP seemed to counteract the effect of maltotriose slightly.
Because maltotriose is the only positive effector that markedly alters the proteolysis pattern of MalT, the biochemically wellcharacterized constitutive variant MalT c26 , which is active in the absence of maltotriose (21) , was subjected to limited proteolysis. Interestingly, its proteolysis pattern in the absence of maltotriose was a mixture of the patterns obtained for MalT in the absence and in the presence of maltotriose (Fig. 2B) . In particular, the 66-kDa band present in the absence of maltotriose in the MalT in the presence of maltotriose were identical (Fig. 2B) .
To delineate the resistant regions, the proteinase K fragments were N-terminally microsequenced (see Fig. 3 ). The sequence of the fragments that appear simultaneously in the absence of maltotriose indicated that they originate at amino acids 1 (48-kDa fragment) and 437 (50-kDa fragment). The predicted sizes of the 1-436 and 437-901 fragments of MalT (49 and 54 kDa, respectively) suggest that the observed fragments are generated by proteolysis of only a small segment (possibly a single peptide bond) immediately upstream from position 437. Microsequencing the 45-kDa fragment obtained (in addition to the 48 kDa) in the absence of maltotriose in certain MalT preparations (see above) showed that the two fragments have the same N terminus. This observation indicates that a small Cterminal region of this fragment is more sensitive to proteolysis than is the rest of the fragment. The 66-kDa band obtained in the presence of maltotriose contained two polypeptides originating at positions 248 and 250. These polypeptides could correspond either to the 248-901 and 250-901 fragments (75 kDa) that would migrate abnormally or to fragments derived from them by a secondary cleavage around position 800. Interestingly, the tryptic 66-kDa band contains two fragments originating at positions 241 and 242, which shows that the protease-sensitive region upstream from position 250 encompasses at least 9 amino acids. Finally, the 66-kDa proteinase K-resistant fragment obtained from MalT c26 in the absence of maltotriose was also shown to begin at positions 248 or 250, which confirms the interpretation of the MalT c26 proteolysis pattern. These results show that there are at least two protease sensitive linker regions in MalT, which leads to the proposition that MalT contains four domains delimited by these two regions and by the 806-807 peptide bond (Fig. 3) . To simplify, regions 1-241, 242-436, 437-806, and 242-806 were named DT1, DT2, DT3, and DT2-3, respectively. Moreover, proteolysis patterns in the presence or in the absence of maltotriose arise by completely different proteolytic events, which clearly demonstrates the existence of two conformational states of the protein, one with an exposed 250 region and a buried 437 region, the other with a buried 250 region and an exposed 437 region. The presence of the inducer provides a switch between these two states.
Expression and Purification of the Domains. To determine whether the three proposed regions constitute structural domains, expression plasmids for DT1H, HDT2 (His-tagged versions of DT1 and DT2, respectively), and DT3 were constructed. The soluble fraction of the three polypeptides was purified by using metal chelate affinity chromatography (DT3 binds a nickel-agarose column, probably because of its two C-terminal histidine residues). DT1H precipitated immediately when eluted from the nickel-agarose column unless ATP was added before this step. This finding suggests that DT1H binds ATP, which fits well with the fact that it contains the Walker boxes of the putative ATP-binding site (2, 22) . The fact that all of these polypeptides, which are part of regions resistant to proteinase K under certain conditions, were stable and at least partially soluble indicates that they are structural domains of the protein. Indeed, x-ray diffraction of DT3 crystals showed it to be well structured over its entire length and to be composed of a single globule (C. Steegborn, O.D., and R. Huber, unpublished data). [␥-32 P]ATP (2 mM) was passed through an Ni-NTA agarose column that had been preloaded with DT1H. The column was then washed, and the bound protein was eluted with imidazole. The amounts of protein and ATP eluted were quantified by a Bradford assay and by counting the radioactivity present in the fractions (Fig. 4 , closed symbols). ATP was clearly retained by the DT1H column and coeluted perfectly with the protein, whereas ATP did not bind a column preloaded with the same amount of DT3 (Fig. 4 , open symbols). The eluted DT1H was found by SDS/PAGE to be at least 90% pure (not shown). Hence, domain 1 is the ATP-binding domain of MalT, and MalT probably binds ATP through its Walker motifs (Fig. 3) .
TLC analysis of the fractions showed that 24% of the ATP that coeluted with the protein had been hydrolyzed to inorganic phosphate and probably ADP. This finding suggests that the isolated domain 1 also retains the ATPase activity of MalT.
Domain 3 Binds Maltotriose with a Low Affinity.
Comparison of the amino acid sequences of the MalT subfamily revealed very low conservation throughout domain 3 ( Fig. 3 ; see Discussion). An explanation for this fact could be that this domain binds the inducer, which differs from one protein to another. This hypothesis was tested by fluorimetry, by using the intrinsic fluorescence of the tryptophan residues. The addition of 25 mM maltotriose to a solution of DT3 excited at 286 nm (Fig. 5A ) increased the emission fluorescence by 15% at the maximum of the spectrum, compared with a 1% decrease for DT1H (not shown; most probably a nonspecific effect, inasmuch as a similar fluorescence decrease was also observed with carbonic anhydrase), and displaced the maximum of the spectrum from 339 to 336 nm. This behavior indicates that maltotriose causes at least one tryptophan to move to a less polar environment. Moreover, prior addition of 25 mM glucose did not elicit any change in the DT3 spectra in the presence and absence of maltotriose (not shown). These data suggest that domain 3 specifically binds maltotriose.
To measure the affinity of maltotriose for domain 3, the increase in fluorescence emission as a function of the maltotriose concentration was monitored at 320 nm with the use of 0.83 M DT3, excited at 286 nm. The curve obtained could be fitted by a quadratic equation (Fig. 5B) , which is consistent with the binding of maltotriose to a unique site present in domain 3. However, the deduced apparent K D (2.5 mM) is two orders of magnitude higher than that (Ϸ20 M) found by an indirect method for MalT (11). Region 2-3 and MalT Bind Maltotriose with Similar Affinities. The reason for this discrepancy could be that the binding of maltotriose involves two domains. To test this explanation, the polypeptide comprising domains 2 and 3 was purified as a His-tagged version (HDT2-3) . The binding of maltotriose to HDT2-3 (7.7 M) was monitored by ammonium sulfate precipitation of the protein in the presence of 14 C-radiolabeled maltotriose and counting of the radioactivity in the pellet. The values obtained could be fitted to a quadratic equation (Fig. 6 ), but this time with a 300-fold lower apparent K D (8 M) , in good agreement with the data obtained with MalT, even though only 40% of HDT2-3 sites were occupied by maltotriose. This binding was specific, because 1 mM maltose did not reduce the amount of bound maltotriose at a total maltotriose concentration of 1 M. The amount of maltotriose precipitated in the presence of 7.7 M DT3 under the same conditions was indistinguishable from the background, as expected because of its low affinity.
Discussion Maltotriose Activation of MalT Proceeds Through a Conformational
Switch. It is reported here that MalT contains three domains in addition to the small C-terminal DNA-binding domain that shares homology with LuxR. The N-terminal domain binds ATP. The second and the third domains comprise the maltotriosebinding site, although weak but specific binding of maltotriose to domain 3 was also observed. Unexpectedly, whereas the DNAbinding function and part of the activation determinants of MalT are harbored by 10% of the protein, all of the remaining 90% is required to bind the two positive effectors, i.e., for regulation of the activation function.
As suggested by the dramatic effect of ATP on DT1H solubility and the fact that MalT is stabilized by ATP (22) and is mostly in the ATP-bound form in the cell (5), ATP might act as a structural cofactor that ensures correct folding of domain 1. The other cofactor, maltotriose, has a profound effect on the tertiary structure of the whole protein. First, it causes a conformational change within domain 3, because its binding probably results in the burial of a tryptophan residue. Second, the presence of maltotriose simultaneously protects the linker region upstream from position 437 and exposes the linker upstream from position 250 to proteolysis. This finding suggests that maltotriose converts MalT from a form in which the 2-3 linker is solvent exposed and the 1-2 linker is buried to one in which the status of these two linker regions is reversed. The most attractive explanation for these observations is that, by binding to an extended region comprising domains 2 and 3, maltotriose induces a conformational switch resulting in the movement of both domains 3 and 1 with respect to domain 2.
That this conformational change is a step in the pathway of MalT activation is supported by the study of the constitutive variants. The pattern of limited proteolysis of MalT c26 shows that the 1-2 linker is exposed even in the absence of maltotriose, in agreement with a two-state model in which the equilibrium between the active and inactive state can be displaced either completely by maltotriose or incompletely by a malT c mutation. Many malT c mutations (21, 23) map within codons 220-244, i.e., amino acids very close to or within the linker that becomes exposed when MalT binds maltotriose. Furthermore, three of them (including malT c26 ) introduce a proline, an amino acid that favors the formation of ␤-turns, in this linker. This observation strongly suggests that these mutations act by forcing the linker to adopt the active conformation that is normally induced by maltotriose or by enhancing its flexibility.
Possible Mechanism for the Conformational Switch. Altogether, the conformational change involving the 2-3 linker and the substantial increase in the affinity of domain 3 for maltotriose induced by domain 2 suggest an attractive hypothesis. MalT could bind maltotriose according to the ''Venus flytrap'' mechanism of periplasmic binding proteins (24) , i.e., through a rotation of domains 2 and 3, enabling each domain to interact with one side of the maltotriose molecule. It is noteworthy in this respect that periplasmic binding proteins are also signaling proteins, in which the hinge-bending motion enables receptor proteins to differentiate between the loaded and unloaded states (24) . However, a second model involving an induced fit between domains 3 and 2 caused by the binding of maltotriose to domain 3 cannot be excluded.
Domain Structure and Cofactor Binding Within the MalT Family.
Sensitive homology searches and motif discovery tools have allowed the identification of 18 homologues of MalT (1, 2) , defining the MalT family of activators. Homology between remote members of this family is extremely weak. A BLAST search (http:͞͞www.ncbi.nlm.nih.gov͞BLAST͞) starting with the MalT sequence gives only five homologues of MalT: AcoK (Klebsiella pneumoniae), AlkS (Pseudomonas putida), SC3A7.02c (Streptomyces coelicolor), OrfV (Pseudomonas alcaligenes), and PknK (Z83866, Mycobacterium tuberculosis). These proteins constitute a group that we call the MalT subfamily. All of these proteins except PknK are the same length as MalT and have an N-terminal putative ATP-binding site and a C-terminal LuxR-type DNA-binding domain in register with those of MalT. PknK is devoid of the LuxR domain and is consequently Ϸ130 amino acids shorter at its C terminus, but it possesses an additional Ϸ330-amino acid, serine͞threonine-specific kinaselike region at its N terminus. Examination of the structure of PknK and of those of the more distantly related MalT homologues Rv0386 (AL021931), Rv1358 (Z75555), and Rv2488 (AL021246) of M. tuberculosis, which have both a LuxR DNAbinding domain and Ϸ200-amino acid N-terminal extensions unrelated to PknK, leads to the following hypothesis. The polypeptide constituted by domains 1, 2, and 3 is a signaling module that can be grafted onto various output domains, which allows the integration of two positive input signals (the presence of the inducer and that of ATP) and possibly negative signals and transfer of the resulting information to the output domain through a conformational change that triggers a high-order oligomerization.
Within the MalT subfamily, the level of sequence similarity is lowest from between 370 and 460 to a position around 820 (in the MalT sequence), a region that roughly corresponds to domain 3, and also around the 241-250 and 437 linker regions (Fig. 3) . Thus, the patterns of sequence conservation between MalT and its closest homologues correlate with the results of the limited proteolysis experiments reported here. There is little doubt that the three-dimensional structures of domains 1, 2, and 4 (the DNA-binding domain) are conserved throughout the family. Moreover, even though domain 3 is poorly conserved at the primary sequence level, the conservation of its size and location with respect to the other three domains suggests that its overall fold might be conserved. In conclusion, the MalT family is likely to be the result of divergent rather than convergent evolution, as could have been inferred from the early proposal that only the ATP-binding site and the DNA-binding domain were conserved (2) .
The members of the MalT family are exceptionally large: MalT is the largest activator in E. coli, and the five largest proteins from M. tuberculosis belonging to the ''regulation'' category as defined in the Tuberculist database (http:͞͞genolist.pasteur.fr͞ TubercuList͞) are MalT homologues. This work indeed shows that they have one more domain compared with other large bacterial activators, those belonging to the NtrC family and TyrR. These activators share some features with MalT, inasmuch as they also integrate two positive signals and undergo a highorder multimerization (25) (26) (27) . However, in addition to their absence of sequence homology with MalT, their domain organization is different, because ATP seems to bind to the central domain (28) (29) (30) . This observation suggests that, despite superficial similarities, their activation mechanism and that of MalT are different.
